Cyanobacteria and cyanotoxins constitute a serious problem for water supply systems and recreation. The most common in Polish water bodies are microcystin-producing Cyanobacteria. Polish regulations regarding the quality of drinking water indicate the limit of 1 µg/l for microcystin-LR. Regulations for recreational water are addressed through a guideline that the water should only be inspected visually. Poland's regulations, unfortunately, do not recommend any specific standardized methods, equipment or programmes for the risk assessment resulting from Cyanobacteria exposure. Therefore, this study is aimed at developing and evaluating a toxicity monitoring programme that would be based on the early identification of microcystin-producing genera, followed by examination of their toxic potential and toxicity. The risk of cyanobacterial blooms was assessed in six eutrophic water bodies located in different regions of Poland in the summers of 2004 and 2005. The first step of the proposed monitoring programme included a microscopic analysis of seasonal variation in phytoplankton composition and measurement of the cyanobacterial biomass. Then the toxigenic strains of cyanobacteria were determined by amplification of selected mcy genes in the microcystin biosynthesis pathway using PCR. The presence of the mcy genes in sampling water were detected at the beginning of the July, which coincided with a low cyanobacterial biomass (0.1 mg/l). In the last step, the water samples toxicity and microcystins concentration were examined by a screening method, called protein phosphatase inhibition assay, and an analytical method, called high-performance liquid chromatography, respectively. The greatest concentration of microcystins were found to be 31.22 µg/l (October) and 11.25 µg/l (September) in samples dominated by Planktothrix agardhii and Microcystis aeruginosa, respectively. Since a relationship between amplification of mcy genes and production of microcystins was not always found, it seems to be necessary to use a microscopic analysis and molecular method in parallel with toxicity analysis for providing more complete information on the cyanobacterial risk in water.
Introduction
In many countries, including Poland, the problem of toxicity caused by cyanobacterial blooms has important consequences [1] [2] [3] [4] [5] . Cyanobacteria and cyanotoxins are dangerous for water supply systems and recreation [5, 6] . The most common in Polish water bodies are microcystin-producing cyanobacteria. At present, the toxins (cyanotoxins) that are produced by cyanobacteria can be classified into four main groups: hepatotoxins, neurotoxins, cytotoxins and dermatotoxins [4, 7] . Microcystins, including hepatotoxins, are the best-known group. They are synthesized nonribosomally by a peptide synthetase polyketide synthase enzyme complex encoded by the microcystin synthetase gene cluster (mcyA-J), which contains 55 kb of DNA [8, 9] . The microcystin biosynthesis mcy genes have been used to establish molecular techniques for the detection of toxigenic cyanobacteria. Microcystins are one of the most toxic and dangerous cyanotoxins. Contact with microcystin-producing cyanobacteria in bathing water can cause skin irritations, allergic reactions and gastrointestinal symptoms [4, 10] . Moreover, chronic exposure to low microcystins concentration in drinking water can lead to cancer promotion [11, 12] .
According to WHO [13, 14] and Pilotto et al [15] the concentrations of microcystins above 2-4 µg/l in the samples indicated a first alert level for health risks. Irritative or allergenic effects were observed on 30% of exposed people on microcystin-producing cyanobacteria [15] . The first level of risk means a relatively low probability of adverse health effects. The second level of alert for recreational water was proposed if the concentration of microcystins is in the region of 20-50 µg/l for the bloom consisted of Microcystis occured. However, toxic levels may approximately double if Planktothrix agardhii dominates. If the first or second level of alert appears, information to the relevant health authorities is required. Additionally, the second level of alert requites an introduction of bathing restriction and further investigation of the toxicity risk. The third alert level includes an intensive scum forming by cyanobacterial water bloom. In this case, swimming and other water-contact activities must be strictly forbidden.
The Polish regulation regarding the quality of drinking water indicates the limit of 1 µg/l for microcystin-LR [16] . Regulation for recreational water is addressed through a guideline that the appearance of cyanobacterial blooms should be controlled by observation of water colour, turbidity and/or odour [17] . Poland's regulations, unfortunately, do not recommend any specific standardized methods, equipments or programmes for the risk assessment resulting from Cyanobacteria exposure.
Therefore, this study is aimed at developing and evaluating a toxicity monitoring programme that would be based on the early identification of microcystin-producing genera, followed by an examination of their toxic potential and toxicity. The risk of cyanobacterial blooms was assessed in six eutrophic water bodies (105 water samples) located in different regions of Poland in the summers of 2004 and 2005. The presence and identification of toxigenic strains was studied by PCR amplification of a mcy genes. Sample toxicity and microcystins production were established by protein phosphatase inhibition assay (PPIA) and high-performance liquid chromatography (HPLC).
Material and methods

Study sites
Six water bodies from three different regions of Poland were studied: Lake Jeziorak (Northern Poland); lakes Bnińskie and Bytyńskie (Western Poland) and reservoirs Sulejów, Jeziorsko and Zegrzyn (Central Poland). The water bodies were selected because of the high intensity of recreational activities. Additionally, Zegrzyn Reservoir is a source of drinking water for Warsaw, the capital city of Poland and Sulejów Reservoirs is an alternative source of drinking water for the city of Łódź (1 million inhabitants).
Sampling and phytoplankton analysis
Water samples of the surface layer (0-0.5 m) were collected every two weeks from studied water bodies, from July to October 2004 and 2005. The chemical parameters of the monitored lakes and reservoirs were determined according to standard methods [18] . For DNA analysis, 100-200 ml of water were filtered and filters were stored at -20°C until DNA extraction. For the PPIA and HPLC analysis, water samples containing cyanobacterial material were filtered immediately on a GF/C (Whatman, England) filter and stored at 4°C for a maximum of 24 h. After that, toxicity and microcystins concentration were determined.
Water samples for phytoplankton estimation were preserved in Lugol's solution and sedimented in the laboratory. Phytoplankton was counted using a Fusch-Rosenthal counting cell. The phytoplankton biomass (fresh weight) was determined based on a volumetric analysis of cells using geometric approximation. Biomass computed in volume units was transposed to freshmass (FM) assuming the specific mass of phytoplankton as a unit (=1) [19] .
Concentrations of selected nutrients were assessed by spectrophotometer DR 2010 HACH.
PCR -sample preparation and amplification
Nucleic acid extraction from the filters was performed as described in Giovannoni et al [20] . The PCR reactions for the amplification of selected mcy genes were carried out as described previously [21] [22] [23] . The part of mcyA (291-297 bp) was amplified with Cd1F (5'-aaaattaaaagccgtatcaaa-3') and Cd1R (5'aaaagtgttttattagcggctcat-3') primers [21] . An 758 bp region of the mcyB was amplified with FAA (5'-ctatgttatttatacatcagg-3') and RAA (5'-ctcagcttaacttgattatc-3') primers [22] . For amplification of the mcyD fragment (818 bp), the primers of mcyDF (5'-gatccgattgaattagaaag-3') and mcyDR (5'gtattccccaagattgcc-3') were used [23] . An 809-812 bp region of the mcyE was amplified with the mcyE-F2 (5'-gaaatttgtgtagaaggtgc-3') and mcyE-R4 (5'-aattctaaagcccaaagacg-3') [23] . PCR products were separated by 1.5% agarose gel electrophoresis, using a constant voltage (85 V) and visualized using ethidium bromide.
Estimation of microcystins toxicity
Protein phosphatase inhibition assay (PPIA)
The inhibition of protein phosphatase type 1 (PP1) from rabbit skeletal muscle (BioLabs, New England) by microcystins was estimated according to An and Carmichael [24] with minor modification. The samples were incubated with 2.5 U of PP1 and 15 mM p-nitrophenol phosphate (Fluka, UK) as a substrate was used. PPIA enables detection of microcystins at the 0.125 µg/l level, without concentrating the sample.
High performance liquid chromatography (HPLC)
The preparation of cyanobacterial material and determination of microcystins by HPLC-DAD was performed according to previous description [6] . Total microcystins concentration (extra and intracellular) was measured. The HPLC method enables the detection of microcystin at the 0.01 µg/l level after concentrating the samples.
Results and discussion
The risk of toxic cyanobacterial blooms was measured in six water bodies (lake Jeziorak and lake Bnińskie as well as the Bytyńskie, Sulejów, Jeziorsko and Zegrzyn reservoirs), which represent three different regions of Poland. These water bodies are the most intensively used for recreation in each region. Additionally, Sulejów and Zegrzyn reservoirs are a source of drinking water for the city of Łódź and Warsaw, respectively. We studied 105 of the water samples collected in summer season from July to October in 2004 and 2005.
The chemical conditions in water bodies supported the occurrence of cyanobacterial blooms. The average concentration of total phosphorus (TP) and total nitrogen (TN) almost exceeded the limits for eutrophication of reservoirs (0.1 mg P/l and 1.5 mg N/l) [25] (Tab.1). The low TN/TP ratio is a factor responsible for the dominance of bloom-forming cyanobacteria [26, 27] .
Microscopic analysis as a first step of the proposed monitoring programme enabled description of phytoplankton composition and measurement of the cyanobacterial biomass (Tab. 1 and 2). Hepatotoxic cyanobacteria with domination by Microcystis were detected in Sulejów Reservoir, Zegrzyn Reservoir and Jeziorsko Reservoir in 2004 and 2005, also these genera were detected in Lake Jeziorak. Lakes Bnińskie and Bytyńskie were dominated by Planktothrix agardhii with the highest biomass over 50 mg/l. Additionally, Cylindrospermopsis raciborskii occurred in Western lakes, in 2005.
The inability to differentiate between toxic and nontoxic strains of cyanobacteria by morphological analysis lead to applying sensitive molecular methods, which enable identification of microcystin-producing strains [21, 28, 29] . The toxigenic strains of cyanobacteria were determined by amplification of selected mcy genes (mcyA, mcyB, mcyD and mcyE) in the microcystin biosynthesis pathway. Genetic analysis of water samples containing cyanobacteria collected from monitored water bodies indicated that the potential to produce toxins was determined early in July and persisted throughout summer monitoring, until October 2004 and 2005 (Fig. 1) . The presence of the mcyA, B, D and E genes in sampling water at the beginning of the July coincided with a low cyanobacterial biomass (0.1 mg/l) ( Fig. 1 and Tab. 2) . The mcyE gene fragment was amplified in all water samples collected, irrespective of source or date, with the exception of the Jeziorsko reservoir. In this case, the mcyE gene was amplified less often in 75% in summer season 2005. The mcyD was also amplified in all water samples but only in summer 2005. The other mcy genes were amplified less often, depending on the water body ( Fig. 1) . These results suggested that the mcyA, mcyB, mcyD and mcyE genes were different in being able to predict microcystin toxigenicity. The molecular analysis indicated that the mcyE gene that encode the glutamate-activating adenylation domain is the best molecular marker for the determination of toxigenic strains of cyanobacteria in different water samples even if their biomass is very low (0.1 mg/l). * -TN/TP -the ratio between total nitrogen (TN) and total phosphorus (TP).
A.
B. However, although genetic markers provided information about potential toxicity they did not indicate what the real risk to health was. Therefore, toxicological analysis of water as the last step of the proposed monitoring programme was needed. Microcystins production and their toxicity was measured by biochemical (PPIA) and analytical (HPLC) methods. The presented data indicated variations in microcystin concentrations in water samples collected from different water bodies (Tab. 1). Additionally, seasonal variations were observed also. Samples collected in 2004 were more toxic than samples from 2005. The greatest concentration of microcystins were found to be 31.22 µg/l (Lake Bnińskie, October 2004) and 11.25 µg/l (Jeziorsko reservoir, September 2004) in samples dominated by Planktothrix agardhii and Microcystis aeruginosa, respectively (Tab. 1 and 2). In Sulejów reservoir the highest microcystins concentration (4.67 µg/l) was found in September 2004. The low microcystins concentration with a maximum of 0.63 µg/l was detected in Lake Jeziorak. These variations detected in the water body might be a result of population dynamics altering the proportion of toxic genotypes within the population of cyanobacteria [30] . Additionally, physicochemical conditions that were not studied could be an influence on the dynamics of cyanobacteria growth and their toxigenicity (microcystins production). Microcystins were almost not detected in the Zegrzyn reservoir in spite of mcy genes amplification. Non-toxic strains do not generally contain the mcy genes. However, some strains may have fragments of microcystin synthetase genes or mutations within these genes. Therefore, these strains can be amplified with mcy primers, although they are not able to produce toxins [29] . Nishizawa et al [31] suggested that non-toxic Microcystis strains comprise two groups: those with and those without mcyABC. The highest microcystins concentration (>20 µg/l) corresponds to the second alert level for recreational water as determined for the lakes of Western Poland. In Central Poland the concentration of microcystins reached the first alert level (>2 µg/l). In the lake in Northern Poland the occurrence of microcystin did not exceed 1 µg/l in the whole sampling period. In conclusion, the microscopic analysis of water samples from six Polish water bodies indicated an appearance of microcystin-producing cyanobacteria. The most common was Microcystis and Planktothrix genera. The microscopic detection of cyanobacteria and determination of toxigenic strains by molecular markers (mcy genes) was an early signal of potential toxicity of cyanobacterial blooms, and acts as an effective alert to possible health risk. However, only biochemical and analytical methods enabled determination of microcystins concentration in studied water bodies. Therefore, it seems to be necessary to use a microscopic analysis and molecular method in parallel with toxicity analysis for providing complete information on the cyanobacterial risk in water.
